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Abstract ]

Emission of high-current electron beams that has been proposed for some
Spacelab payloads requires substantial return currents to the Orbiter skin in order
to neutralize the beam charge. Since the outer skin of the vehicle is covered with
~ 1300 m2 of thermal insulation which has the dielectric quality of air and an elec-
trical conductivity that has been estimated by NASA at 10-9-10-10 ;mhos/m, con-
siderable transient charging and local potentlal differences are anhupated across
the insulation. The theory for induced charging of spacecraft Jue to operation of
electron guns has only Leen developed for spherical metal vehicles and constant
emission currents, which are not directly applicable to the Orbiter situation,
Field-aligned collection of eléctron return current from the ambient ivnosphere at
Orbiter altitudes provides up to ~150 mA on the conduciing surfaces and ~ 2.4 A
on the dielectric thermal insulation., l.,ocal ionization of the neutral atrhosphere by
enérgetic electron bombardmeént or electrical breakdown may provide somewhat
more returh curreint, During electron gun operation, differ ential charging between
the outer surface of the dielectric insulator and the internal metal conductors
creates large potentials and electric fields across the insulation, Estimates of the
transient behavior and potential magnitude are obtained by soiwving electric circuit
analégies., For an electron beam charge, f’f 1 coulomb (10 A for 100 msec), the
potential across the insulator rises to 10° 105 volts depending on the induced
external ionization, Since electrical breakdown across the insulation occuis at
50, 000 vnlts, high gun currents may cause arcing through the insulation.

This research work was sponsored by NASA/GSFC under contract NAS8-31415,
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L OISTRODEUCTION

Electrical charging of spacecraft in the fonosphiere and magietosphere is a
consequernce of different fluxes of thermal electrorns and ions striking the surface
of the vehicle. Normally, a very smell equilibrium potential is established over
tke skin of the vehicle whith does fiot affect the operation of setisors atid electronic
instrumentation. Howéver, the Space Shuttle Orbiter may acquiré appreciable
charge differentials and local electric fields due to its large airplane shape and
its nonconducting outer skin. As the vehicle assumeés different attitudes in the
course of its mission, various outet surfaces will be shadowed from particle and/or
photon bombardment. Owing to alignment of charged-particle trajectoriés along
the geomagnetic field and the relatively large difference in eélectron and ioh speeds,
there are many more regions of the spacecralft surface that are accessiblé to elec-
trons than to iohs. In addition, the photoemission of eléctrofis from the surface by
solar ultraviolet will depend on spacecraft attitude. Thus, the local current flow
to the skin of the vehicle will vary widely from point to point, The dielectric skin
of the vehicle prevents rapid flow of surface current to nevtral:ze the differential
charging and as a consequence, potential differences and attendant electric fields
may be anticipateéd. During normal passive operations of the vehicle, potertial
differences of several volts are expected between adjacent areas of the vehicle
where the surface contour changes abruptly (edges of wings, payload bay door
edges, and around corners).

Active experiments planned for the Orbiter Spacelab include ejection of large
amounts of electrical charge in the form of electron beams that rhust be compéen-
sated by a return current to the vehicle. Relatively slow collection of return elec-
tron current from the ambient ionosphere préevents rapid neutralization of the
electron-beam charge. Proposeéd gun currerits of up to 10 A for 100 msé&c are
predicted to cause trahsient éxcursions of thé vehiclé poteéntial that exceéd many
thousands of volts, unless appropriaté competisating return curreéfit is available,
Sincé operation of an electron gun at kéV enérgies from the AMPS Spacelab is a
vital part of the overall missiofi objective, it {s important to detérmine the magni-
tude of the transient potentials and their dynamic chardcteristics.

Thée publishéd literature on ambleiit chargihg of spacecralt in the ionosphere
arid magnetosphere is quité thorough for vehicles with cofiducting outer skin. Ohnly
a few papers have treated the problem of laige-electron currert ejection from
spacecraft, and their applicability to a realistic pulsed mode of operation is open
to question, The Shuttle Ofbitér presents additional complications due to its non-
conducting outer skin which can only be discharged by the ambient plasma medium,
For example, an electron gun pulse will drive the skin potential positive until
enough return current is collected to neutralize the overall potential of the vehicle;
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but by that time the skin will have built up a4 negative charge which niust be neu-
tralized by ion hambardment, photoemission, and conduction leakage to the inter-
for structure,

The results presented here are based on a preliminary analysis of the Shuttl--
Orbiter cnarging problem that is published elsewhere, ! This earlier work include:
summarics of the ambient ionospheric environment at Shuttle-Orbiter altitudes,
the electrical characteristics of the vehicle skin, the disturbed atmospheric cnvi-
ronment due to gas leakage from the vehicle, the local potetitinl differences that
are anticipated during passive operations, and the dynamic potentials that are
expected during electron-gun operation. Otly this latter topic is considered in
detail here,

2, ESVIROVENTAL CHARSCTERISTICS

21 Ambient lonosphete

The Shuttle Orbiter that carries the Spacelab payloads is s:zheduled to operate
in a nominal altitude range bétweert 250 and 400 km, The natural environment is
described in great detail in many aeronomy textbooks. 2-6 At these F-region
altitudes, the chaiged constituents consist principally of oxygen ions and electrons
and the primary neutral constituent is atomic oxygen. Large variations in both
density and temperature for these constituents are attributed to source and trans-
port mecharisms that vary diurnally as well as with season and solar cycle,

As a consequence of the plasma temperature, the spacecraft speed is consider-
ably greater than the mean thermal speed of the ions but significantly less than the
mean thermal speed of électrons, which has important cocnsequences for current
collection by parti¢le flux at the vehicle skin., The gyroradius for ions is a few
meters, whereas for electrons it is a few centiméters so that plasma motion is
field-aligned. Due to the geometrical configuration of the vehicle and the viriety
of attitudes it may assume during a mission and its cross-field orbits, many
areas will be routinely shadowed from ioh and electroh bombardment as well as
photon flux,

The mean free path of the ions, electrons and atoms is orders of magnitude
gréater than the Shuttle~Orbiter dimensions so that collisional effect- rnay be
ignored. However, collective plasma properties significantly influence the flow
of charge to the vehicle, Electrical conductivity of the plasma is highly anisotropic
due to the presence of the geomagnetic field. Along the field direction the con-
ductivity is about 20 mhos/m, but norimal to the magnetic field the conductivity is
several orders of magnitude less; virtually prohibiting current flow unless the
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¢lectrir. fiéld is very large. Thus, for most vehicle attitudes, there is very little
elec'rical connection through the plasma between different parts of the vehicle,

12 Veidele Susfuee

Less than 5 percent of the outer surface of the Shutile Orbiter and Spacclab
consists of good metallic conductor. More than 95 percent of the surface is good
thermal insulating material consisting of fibrous sillcon dioxide tiles, coated felt,
and adhesives. The composite material has extremely high electrical resistivity,
between 107107and 10713 mhos/m, The dielectri¢ constant of these thermal insula-
tors is comparable to that of air, and breakdown potential of the tiles has béen
measured at 50, 000 volts by NASA/JSC.. Since the thickness of the sample is
presumably a few centimeters, the corresponding limiting electric field.at break-
down is taken as 10° volts/m. Such fields and potentials would not occur for
ambient conditions; however, vehicle charging during eléctron gun opéeration may
exceed these limits by substantial amounts as will be shown.

There are some metallic exterior surfaces that provide "shorted" electrical
contact between the interior.metal supperstructure of the Orbiter and theé external
plasma, Thé largest darea is provided by the meétal rocket motor nozzles, Other
substantial su ‘face areas are provided by the antennhi boom, pallét instruments,
and the manipulator arm. Since the pallet is graphite epoxy which is a poor zomn-
ductor, there is some question about thé eledtrical contact between these latter
instrument related conductors and the interior superstructure. However, for
purposés of the presént analysis, all of the external metal surfaces are assumed
to be in contact with each othér and the internal superstructure,

The electrical properties of the primary - vternal surfaces of the Orbiter and
Spacelab are tabulated in Table 1. The insulation data was provided by Mr. John
Lobb, NASA/JSC, Houston, in privaté communications. Of special interest for
sciefitific researchers is the lack of an effective ¢éxternal ground plané; the Space-
lab pallet and control room have graphité epoxy exterior surfaces which are not
conductors, Overall, thé¢ metal surfaces amount to about 60 m? whereas noncon-
duttor surfaces cover 1300 m2.

The electrical conductivity of the thermal insulation materials is a vita)
parameter for the conclusions in this study and, unfortunately, its value is in
doubt &t this time. The value 10°°-10"1% mhos/m quoted in Table 1 is the current
best NASA /JSC estimate, but no official éxperimental measurements have been
made to date, An independent measurement of HRSI tiles has been made by
Mr. Patil W, Edwa.ds at Rockwell Internatiohal who found a bulk conductivity of
19713 mhos/m, Such discrepancies are well within the range of conductivity values
for different types of silica (10'7-10"14 mhos /m} as the manufacturing process,
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Table 1, Orbiter/AMPS-Spacelab Quter Skiit Materiuls

XS Aren Electrical | Dielectric
S , 3 Thickness | Conductivity | Constant
i Location Material (m*) (m) (mhos /m) )

Y 10

o Topside FRSL........ 300 0.011 167 ~1

E (low temp.)

. -9 -10

Topside LRSI 280 0.010- 10°-10 ~1 -
4 (high temp. ) 0. 030

Underside HRSI 475 0.024- | 107%-10710 ~1
(reentry shield) 0.107

Nose and Wing | RRC 37.5 | 0.006 1078 ~1
Edge

Rocket Inconel 718 | ~30 -- 6 x 108 --
Exhaust

Nozzles

Intérior Bay Teflon ~100 -- 10710 ~1
Door Radia-

tors

Spacelab Graphite ~90 -- 10710 ~1
Pallet Epoxy

Spacelab Con- | Graphite ~25 -- 10710 ~1
trol Room Epoxy

Spacélab Aluminum ~10 - 3 x 107 --
Pallet

Instruments

Antenna Beryllium ~15 -- 1% 107 -
Boom Copy 2r

Manipulator Aluminum ~5 - 3 x 107 -
Arm

purity of the matérial, and environmental conditions (handling and aérosols) all
affect electrical insulation quality. However, there is a clear need for more
accurate estimates of the electrical conductivity for the thermal insilation. For
the presetit, the NASA valueés will be used, but effects of différent values will be
tioted whére appropriate,

Some external conditions or modes of experimental operdtion require con-
duction through the insulatiori to establish equilibrium, Urnder most situations,
however, the therial blarnket acts as 4 dieléctric capacitor which efficiently stores
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chabge ofi its external surfades, The capacitance and resistance of the blanket

por unit aréa arc ueo/Ah and Ah/o, respectively, where k is the relative diclectrie
constant, €  is the permittivity of free spaéée (8,85 yuf/m), a is the electrical
conductivity, and Ah is the blanket thickness., The c-folding timé constant for
dischdrging such an electrical ¢ircuit is ™e Ktu/o. According to Table 1, this
discharge constant is 0,01 - 0.1 sec for the thérmal blanket, The total area. of

the thermal blanket gives an overull capacitance of 0.5 uf and an overall resistance
of 2 v 104 to 2 X 10° ohms using an average blanket thickness of 2,5 em. This
time constant is d critical parametsr for cstimating discharge rates, particularly
during electron gun firings. According to the previous discussion, the tliermal
insulation may concéivably yield time constants from 1074 sec to 10% sec. The
low end would provide welcome relief froin chiarge buildup and its attendant
hazards whereas the high end raises graveé concerns about arcing, dnd its side
effects,

2.3 Vehiele Gis Reloases

There i8 considerable neutral gas released by the shuttle Orbiter that may
contaminate its natural environment. A comprehénsive study of contamination
control has recently beén conipleted for NASA, 7 Results reported here are based
on the tonclusions in this report. Both pdssive releases from the outer skin mate-
rials atd cdbin atmosphere leakagé, and activé exhausting from veérnicer rockets
and fuel-cells cause localized enhancen:ents of the neutral gas around the vehicle.
Outgassing is tlie steady release of heavy molecules (M ~ 100) from the nonmetal-
lic skin materials exposed to the vacuum environment of space, Offgassing is the
prompt release of adsorbed volatile species primarily from the ronmetallic mate-
rials (M ~ 18)., Cabin atmosphere ieaks from various seals around doors, win-
dows, and skin joints. There are two flash evaporator venis near the rear of the
fuselape that periodically expell largé amounits of water vapor from the fuel cells,
There aré six 25 Ib (nominal) thrust vérnier control rockel cngines that are used
for vehicle attitude control. Outgassing of the main rocket engine following orbit
insértion is not treatéd if the study because the exhaust product is water vapor
that promptly dissipates.

Comparison of the ambient oxygen density at Orbiter altitudes with predicted
offgassing and cabin lédkage densities, shows that thé shuttie Orbiter is generating
its own atmosplére. The privcipal source is cabii leakage which is one or two
ordérs of magnitude gréater thdn the natural oxygen density, 1. the firse few hours
offgassitig of voldtiles is comparable, but after the first day it is a minor contribu-
tor, 'The évaporidtors and vernier erigines produce nartow rayved plumes that are
sevéral orders of magnitude denser than ambient, but these exhaust plumes move
radfaily away from the vehicle atid do not contribute appreciubly to the total density
adjacent to the skin,
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0 POTENTRLROLLED BY ELECTRON 61N

3.1 General Problem

Firirg large current pulses of high-energy electrons away from the Spacelab
produces a net positive charge on the Shuttle Orbiter that must be neutralized by
return eléctron turrent from the plasma surrounding the vehicle. Several factors
affect this neutralization process. If natural return currents are inadequate, large
positive vehicle potentials would result, and local electric fields might ionize the
néutral atoms increasing the available return current. The rapid motion of the
Orbiter relative to the ions produces a positive charge in the spacecraft wake that
alters the distribution of return current collection. Finally, the dielectric nature
of the thermal insulation means that the neutralization current does not efficiently
réturn to the electrical ground of the electron gun; instead, . it causes differential
charging between insulator outer surfaces and the innér metallic superstrdcture,
Evidently, the temporal behavicr of these processes is critical for determination
of the magnitude of local charging and electric fields. Clearly, it is important to
avoid generating poténtials that do not allow the beam to eéscape or that cause elec-
trical breakdown and significant arcing in the thermal insulation.

1.2 Metal Satellites

Thé magnitude of the problem is illustrated by proposed theories for satellite
potentials inducéd by large currents of high-energy electrons that have been devel-

oped for spherical metal vehicles. 8-10 Unfortunately, the theories are not directiy

applicable to the Shuttle-Orbiter configuration, and the résults have not been ade-
quately tested with rocket experiments. Furthermore, they represent steady-state
solutions that describe continuous electron emission rather than current pulses,

The theories assume that the background plasma is entirely natural; there is
no consideration of satellite sources of gas or additional plasma. Any additional
ionization of the ambient ionosphere caused by the high electric fields radiating
from the vehicle is also ighored.. THe return current is assumed to be derived
from a Maxwellian distribution of electrons. Since the electrons move much
faster than the vehicle, the spacecraft is assumed to be statiohaty and wake
effects are ignored. The distinguishing difference between these theories is
attributable to the way in which the gecomagnetic field effects are handled.

In the initial analysis, 8 the magnetic forces were ignored. A subsequent
analysia rigorously included the magnetic field cffects and obtained much larger
potentials for a prescribed beam current due to inhibited collection of return cur-
rent. Finally, ih an effort to bridge the gap between these two results, a large
turbulent region around the vehicle was postulatedm to increase the enllection
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cross section while retaining the magnetic constraint, The interesting conclusion
is that a 1 ni gphiere that emits 0,5 A continuously is predicted to have a potential e o]
of 104-106 volts deépending on the influencé of the geomagnctic field, The mapni-
tude of the induced potential is relatively independent of the size of the vehicle, If
such large potentials occur, they would inhibit or destroy bezms of 10-100 keV
¢lectrons,.

3.3 Rocket Experiments

There have been several rocket experiments which fired electron beams, and
the data from these experiments may provide some indication of the vehicle poten-
tial, However, because the experiments have suctcessfully launched the beams,
there has been little investigation or analysis of data pertaining to the ultimate
induced potential of the vehicle. The electron echo exper'iments1 l'fired beéams
upward along the field lines and observed the électromagnetic emissions and elec-
trons after they had echoed back from theé other hemisphéré. Electron beams from
rockets were also fired into the atmosphere to generate artificial auroras. 12
Other rocket experiments involving beam itjections into the ionosphere to study
excitation processes, have also been succéssfully performed.by Air Force
Cambridge Resedrch Laboratories (1, Cohen, private communitdtion), Thesé
electron guns had nominal power levels of a few kilowdtts and used accelerator
voltages of 1-40 kV. Currents of 5-500 mA were firéd in short pulsés (tens of
milliseconds) at the rate of several times per second. Thus, thesé experiments
are not dccurate teésts of the foregoing theory, although thiy do indicdte a bound
on the voltage excursion. Evidently, the electron beams weré successfully fired
away from the rockets, so their potentials must have been limited to something
less than a kilovolt., Theé return current colle ~tion area was just the metal skin
of the rocket in most cases (the auroral rocket partially deployed a large conduct-
ing "umbrella" to enhance its return current), which is about 20 m2. Thus, the
ambient return current of electrons is perhiaps 100 mA meximum. This is suffi-
cient to balance the gun current in most cases so that large potentials are not

IRE expected, |
A !
d, i
I T

="§ ; 3.1 Ndmerieal Fstimates e

:7*, Thé Shtttle Orbiter has its own peculiar characteristics that distinguish it :
) from the forégoing rocket experiments or sdtellite theories, First, and foremost,

| . 9
1’ is its enortiious size which provides a return curreht collection area of 1300 m” on
¥ dielectric and 60 m2 on metallic conductor (this metal surface area is sfgnificantly
. more thun most rockets), The large dielectric area causes more serious discharg-
: ing piroblems since the vehicle {s no longér an equipotential as in the all-meial case,
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Secohid, the shape of the Orbiter-Spacélab has many sharp corners and edges that
produce very high electric fields with only modest potentials, Thus, local ioniza=
tioni enhancemeénts a.d corona are to be anticipated, Third, the neutial atmospherée
around the vehicle is well above ambient so that some cascading of electron réturn
current is antitipated during electron gun firing,

When the clectron gun is operated, the overall potentidl of the vehicle is
driven positive, For "average" conditions at a dominal altitude of 400 km (near
maximum electron density), it has béen shownl' 4,8 that the ionosphere provides a
field-aligned return currert of up to 2. 4 mA/mz. The cross séction of surface
area available to collect the current varies with vehicle orientation relative to the
geomaguetic fie'd. A~ effective collection area of 1000 n12 is assumed here
(500 m® each, ahuve and below). Thus, the ambient return current can balance up
to 2.4 A of gur current. Unfortunately, the return charge is mostly collected on
the dielectric thermal insulation and does not diréctly neutralize the gun potential.

The electron gun is presurnably grounded to the metallic superstructure of the
vehicle which has an external surface area of only 60 m2 or so. Thus, with proper
orientation to take full advantage of the conductor cross section, the direct return
current to the gun amounts of 150 mA. It is réasonable to conclude that this level
of gun current can bé accommodated without undue charging of the Orbiter dielec-
trie insulation. IFor gun currents in excess of 150 mA, the electric potential is
expected to increase significantly, large eléctric fields are generated, and the
dielectric is charged up.

To illustrate some magnitudes, consider a 10 A gun curréent pulsé for 100
msec, that is, 1 coulomb of charge. If the returh current is limited to ambient
jonospheric background levels, it réquires 400 msec for the Orbiter skin to acaquire
a neutralizing charge. Most of this charge is collected on the dielectric insulation
and subsequently leaks to the metallic inner structure. The time consrtant, TR
for such current leakage is about 50 msec for overall resistance of 10” ohms and
capacitance of 0.5 uf. However, over the -ange of conceivable insulator conduc-
tivities s may vaty from 250 usec to 250 sec. .

The effect of large vehiclé potentials on the surrounding plasma distribution
is uncertain. Some general properties can be surmised, however. If the potential
exceeds +4 volts, the ion ram current is stopped. Since electrons arée accelerated
to the vehicle, there is a net positive charge in the vehicle wake. Its total charge
is probably comparable to the charge in the gun current pulst, Again, consider a
10 A gun current for 100 msec, In 100 msec, the Orbiter hns traveled 800 m and
its wake diameter is at least comparable to its dimensions, say 50 m. Thus, the
volume of the wake charge is at least 1,5 X 106 mB, and the excess charge density
is less than ¢ » l()12 :

above the ambient plasma density, but coulomb forces and plasma instabilities

fons ;’m'i. At this level the density is an order of magnitude
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rapidly dissipate the charge as clectron réturn current enters the wake, During
operation of the electron gur the increase¢ in Orbiter potential 15 accompanied hy
large electric fields, but their local magnitude vver the dielectric is difficult to
estimateé, Over sharply curved regicns, however, potentials of 100 volts will
génerate fields of 10° volts/m around 1 ¢m radii. Protruding metal surfacés are
apt to be even more sharply curved. These local areas of high electric fields can
aceelerate ambient electrons and these electrons cause ionization of thé neutral
atmosphere. Although the protess is insignificant over much of the vehicle, there
areé locations whére the neutral density is high and appreciable electron-ion pair
production is feasiblé..

3 Electrie Cireuit Analogics

A comprehensive theoretical model for thé overali vehicle-plasma interaction
during the electron gun operation has not been developed. However, some quantita-
tive limits can be deduced from electrical properties of the vehicle skin. .. Since
the charge on the thermal insulator dielectric doés not leak to the inner conductor
immedisately, negative charge builds up on the dielectric and reduces its potential
relative to the conductor. As the overall vehicle potential returns to the ambient
plasma level, the dielectric poténtial actually goes negative for a short while.
During this interval, ion-ram current dischdrges forward areas on the dielectric
but not the shielded areas. A qualitative illustration of the potential and chargirig
scenario is displayed in Figure 1. Evidently, the vehicle is charge-neutral well
béfore the conductor and dielectric aré fully discharged by leakage current.

The equivalent electrical tircuit for this process can be solved explicitly to
get quantitative estimates for potentials and time constants. Initially, the return
currents to the dielectric I and the conductor Ii. are assumed constant. This is
reasonable for modest potentials that do not ionize or otherwise enhance current
collection, Thé gun current IG is also constant during the time interval
O=t=ts. The dieléctric skin may bé approximated as a high resistance in
parallel with a capacitance. 7The simple electrical circuit and its current flows
are shown in Figure 2. The effective charge on the capacitor is Q Q- -Qp >0
where QC is the charge collected b the conductor atid Q[‘) is the charge on the
outér skin of the dieléctrice. The poteéfitial across the capacitance is

¢ “éC-tban/C .
The transient behavior of this circuit is described by Kirchoff's rules for electrical

networks, The instantancous lenkapge current I' (positive) across the resistance R
is deteirmined by the voltage drop around the circuit
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The sum of the currents to the conductor is
/
Lolet g dQp/at
and the corresponding sum to the dielectric is

o

-ID dQD/dt .

L.




1
T 0 DIELECTRIC OUTER SKIN

R=1000 TxL = C:0.5.f
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Figure 2. Equivalent Electrical Circuit for Orbiter Skin
Neglceting Plasma Resistance

Together, these équations specify the temporal behavior of Q and ¢ across the
dielectric.
Subtradting thé current equations gives

dQ .
a - Ip - let g -2y,

Eliminating II with the voltage equation leads to the elementary differential

equation

Q, 2Q .

Its sclution has the form

1 » o
L | T [1 - exp (-2t 'n("] for 0 -t =t

o)
?

and

|
|
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where Q (tG) is the maxtimurm charge difference that oecurs at t G when the gun
ctirrent termitates, During the time interval 0=t « e the charge Q inercasds,
and afterward it decreases, Discharging continues until the gun charge Q, is
balanced by the plasma return cureont, (ID N l(.) thoe

To test the original assumption that I and Iy are constant, considir the illus-
trative case Iy - 10 A and tg 100 msec, If ID 2.4 Aand [, 0.15 A, the
maximum charge is Q(tG) ~ 0,3 couloimbs (assuming TRC 50 msee). This gives
a potential drop across the insulatfon of

¢ = ¢ - Q(tG)/C - 600, 000 volts .

This enormous potential would create electric fields of 24 MV/m across the
insulation which is well above the electrical breakdown field for these materials,
With presently available materials, the origirna. assumption of moderate
potentials is not valid and the return current is not constant. Since the conductor
is at the higher potential, it is expected to collect more current and ¢ increases.

Thus, as an initial estimate, assume IC is proportional to ¢ or

Ie = ¢/R!

where R' is a fictitious plasma resistance that simulates the effect of local joniza-
tion and enhanced return currént, Its valué is unknown, but in general R' < R if ¢
is to be smaller, Hopefully, the dielectric insulator poténtial is not too high so
that ID may be assumed to remain constant for convenience. The new circuit is
shown in Figure 3.

For these néw assumptions, the differéntial equation for the charge becomes

gg‘i- .Z—Q. + _—Q_ ;r
dt ‘PRC TR,C D

+ 1.,

G °

Thus, the same type of solution is obtained with a new time constant

PY
2 vy, 2IRC )
TRC TR'C  TR'C TRC

where it is assumed R* << R. For tG > e the maximum charge built up

across the insulator is reduced to

2
R'C ,
Qte) <1 - - ) L P

TRC
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Figure 3. Equivalent Electrical Circuit for Orbiter Skih
Including Plasma Resistance

and the corréspohding maximum potential is

6c ~¢p - (Ip+ IG) R' (1 - 2R'/R) .

The value of R' seems to be the elusive critical parameter for the process.

: There is no simplé plasma theory for it.. .A probable range of values may be
deduced, however In order to suppress the ihduced potential, L~ must grow to dn
appreciablé fraction of Ig. It is limited by the condition that the total return
current cannot eéxceed the gun curreétt, T

Ih ordér for the conducting surfaces to collect most of the return current, their
potential must be high enough to cause local ionizatioh. This may be achieved with
voltages of 102 to 104 volts to produce electron ionization or electric fields of {
106 - 107 volts/m to procuce breakdown in the local atmosphere. Such potentials
und associated flelds around the Orbiter are probably created by pgun current pulses
of less than 1 A, and, therefore, R'is in the range 102 - 104 ohms. For gun
currents of 10 A, the conductor potential is probably 103 - 107 volts. The
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corvesponding plasma time canstant R'C for peaching quasyssteady date condition-
i3 00 gaee to 5 msee, Thus, the rise time on the potential is extremely ot

compared to typical gun pulses of 10 msec ar maore,

L CONCLE SONS

Generation of large spacecraft potentinl= esternally and internally ciuse
deleterious side effects,  Perhaps the most obvious is that the electron benm Fails
to cscape when the spaceeraft potential exceeds the electron aceelerator patentinl
(around 50 kV), Some experimental objectives require a series of bursts from the
cleetron gun and the transient decay time becomes important,  Although one pulse
may not build up large potentials, a long series builds up charge if there i~ in-
adequate time for decay between between gun pulses,

Another obvious problem is probable arcing tirough the ic<ulation if voltapes
exceed 50 kV or more. In addition to minor physical damage along the discharge
path, such occurrences generate broadband electromagnetic interference, Another
important aspect is local geometry such as sharp edges or bends which have much
higher local electric fields and are more prone to discharges. Ir some locations
repeated (contimwous %)  discharges are conceivable,

In view of the foregoing difficulties, major charging of the Orbiter skin Gibove
10 kV) should be avoided. Operation of high current electron guns from th pavioad
bay, therefore, requires much better electrical conductivity through the thermal
insulation or auxiliary sources of return current. Doping the insulation materinl<
with impurities to improve electrical conductivity mayv be a feasible solution,

A thin coating of conducting material on the exterior surface of the insulation
would be desirable if it does not appreciably alter its overall thermal response,

An impor‘ant criterion for any suppression technique is that the return current
it provides skould more than equal the electron gun current. Otherwise the
dielectric thermal insulation is charged significantly, and the usefulness of the
collection system is dubious, As an example, an electron return current of 1 A
requires at least 400 m? of collector surface in the nominal environment, At
lower or higher altitudes, the return current density is sharply reduced ta perhaps
0.i mA/m? which requires 10, 000 m?2 of collector to halance 1 A. At some point
there i3 a physical limit to the size of the collector no rnatter what technique 15
deployed, and this places an upper limit on the gun current that can be used,
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